AN EARLY electrophysiological study on hearts stored at low temperature showed that 24 or 48 hours after immersion in cold Tyrode's solution, myocardial cells and cells in the conduction system generated resting and action potentials identical to those recorded prior to cooling. 1 Biochemical investigations have revealed that oxygen consumption of the mammalian heart is lower in the conduction system than in the ordinary myocardium. 2 -3 More recent studies on hearts exposed to anoxia or subjected to coronary occlusion have shown that cells in the conduction system are more resistant to anoxia or ischemia than other myocardial cells. 4 " 8 In addition, pacemaker cells in the rabbit sinoatrial node are the most resistant to cooling and From the Departments of Pharmacology and Physiology, Kumamoto University Medical School, Honjo 2-2-1, Kumamoto, Japan.
Received March 11, 1976 ; accepted for publication January 12, 1977. continue to discharge at a low temperature at which all conducted action potentials and mechanical contractions have ceased. 9 This suggests that electrical activity of pacemaker cells may not be drastically affected by the metabolic processes which maintain the partition of ions across the cell membrane in other myocardial cells. These observations led us to suggest that cells in the sinoatrial node also may be able to withstand a long exposure to Tyrode's solution at a low temperature, and in this way may differ from ordinary atrial myocardium.
Methods
Albino rabbits of either sex, weighing about 2 kg, were studied. The heart was removed from the animal under ether anesthesia. Samples of the right atrium with the sinoatrial node region intact were excised from the heart and immersed in 200 ml of cooled Tyrode's solution of the following composition (HIM), NaCl, 136.8; KG, 2.68; CaCl 2 , 1.80; MgCl 2 , 1.08; NaH 2 PO 4 , 0.26; NaHCO 3> 11.90; and glucose, 5.56. The samples were kept at 0-3°C for 2-14 days. The immersing solution was changed once a day. The pH of the solution was 7.3, adjusted by adding a small amount of 0.1 N HC1, and the Po 2 ranged from 175-220 mm Hg at 0-3°C. For electrophysiological study, the preparations were pinned with the endocardial surface upward to the base of a 50-ml superfusion chamber and superfused at a rate of 10-15 ml/min with Tyrode's solution equilibrated with a gas mixture of 95% O 2 + 5% CO 2 . Temperature was maintained constant at 36.0 ± 0.5°C. Transmembrane potentials of cells in the right atrium and the sinoatrial node region were recorded by conventional microelectrode techniques. 10 " 12 Glass capillary microelectrodes filled with 3 M KC1 had tip potentials of 5 mV or less which were compensated by applying appropriate voltage. However, in some cases, tip potentials which occurred as soon as the microelectrode touched the tissue, undoubtedly resulted in errors in recording absolute potentials. The microelectrode was coupled via a platinum wire to a high input impedance amplifier with capacitance neutralization (MZ-4, Nihonkoden). The output of the amplifier was displayed on an oscilloscope (Tektronix 5103 N) and photographed.
Acetylcholine chloride (Yamanouchi Seiyaku), dl-norepinephrine hydrochloride (Sankyo), and tyramine hydrochloride (Merck) were used in the present experiments. When the drugs were applied to the preparation, the flow of superfusing solution was stopped, and 0.5 ml of saline solution (0.9% NaCl) containing drugs in appropriate concentrations was added directly to the bath in which 50 ml of Tyrode's solution recirculated automatically. The final concentrations of the salts were calculated and expressed in grams per milliliter. Figure 1 includes a diagrammatic representation of the sites at which various types of action potentials were recorded from the sinoatrial node region of hearts which had been kept at low temperatures for 2 (A) and 6 (B) days prior to the measurement of transmembrane potentials. After 2 days of storage, the configuration, amplitude, and frequency of spontaneously occurring action potentials varied considerably, depending on the site at which the recording was made. The action potentials obtained from the sinoatrial node region were consistent with the typical configuration of true and latent pacemaker potentials in the sinoatrial node, the former having a smooth and the latter an abrupt transition between phase 4 and phase 0 i2.13 -p^g r a t e o f S p On taneous action potential initiates recorded from areas along the crista terminalis and from the right atrium differed from that of action potentials in the sinoatrial node, indicating conduction block between the atrial cells and the sinoatrial pacemaker. True or latent pacemaker potentials recorded from a small area on the caval side of the sinoatrial node region showed maximal diastolic potentials ranging from -35 mV to -6 9 mV, and The mean values of the maximal diastolic potential for true pacemaker potentials and latent ones were -59.8 ± 2.8 (mean ± SE) and -57.8 ± 2.29 mV, respectively. These values were significantly lower than those obtained from freshly isolated noncooled preparations ( Table 1) .
Results

ELECTRICAL ACTIVITY OF CELLS IN THE SINOATRIAL NODE REGION
After 3 days of storage, the maximum diastolic potential of both the true and latent pacemaker potentials decreased. The range of values was -35 mV to -62 mV. Latent pacemaker potentials were recorded from the sinoatrial node region and a small area along the crista terminalis. The mean value of the maximum diastolic potential for the latent pacemaker potentials was significantly smaller than that of the true pacemakers. At this stage of storage, true pacemaker potentials with higher maximum diastolic potentials often were converted to latent ones without showing changes in the amplitude of the maximum diastolic potential. Figure 2 shows true pacemaker potentials being followed by latent ones with a decreased slope of phase 4 depolarization. However, latent pacemaker potentials with small diastolic values never were converted to true pacemaker potentials. In one case, in which the sinoatrial node tissue was quiescent, the resting membrane potentials ranged from -28 mV to -47 mV. At 3 days of storage, it still was possible to record resting and action potentials from the atrial tissue, but their amplitudes were oecreased. After 5-7 days of storage, in most cases, the preparations became stiff. A thin layer of fibrinous material covered the endocardial surface of the sinoatrial node region, making it difficult to impale. Electrical activity of cells in the sinoatrial node region showed considerable variability; 4 of 9 preparations examined were quiescent or showed only subthreshold oscillatory potentials with low amplitude. Three showed true and latent pacemaker potentials with normal configuration and frequency. In the remaining two preparations transmembrane potentials were not obtained from the sinoatrial node region, but in one of them relatively well preserved true and latent pacemaker potentials were recorded from the region close to the atrioventricular node at the caval side. In the preparations in which electrical activity of cells in the sinoatrial node was recorded, the activity of different cells was not always synchronized and conduction block between the cells within a small area was observed. Action potentials recorded from one of these preparations are illustrated in Figure IB . The sinoatrial node region and a small area along the crista terminalis were the only sites at which electrical activity of the cells could be recorded. In the atrial tissue other than the sinoatrial node the endocardial surface became stiff and it was difficult to impale the tissue and obtain stable membrane potentials. In some instances, transient negative potentials of low amplitude ranging from -5 mV to -15 mV were recorded. It was difficult to determine whether these potentials were, in fact, transmembrane potentials of atrial cells, because pressing microelectrodes against the stiff endocardial surface of the atrial tissue prior to impalement inevitably produces artifact-potentials due to changes in tip-potentials of the electrodes. The mean values of the maximum diastolic potentials of true pacemaker potentials obtained from three preparations at 6 days of storage was -49.64 ± 1.60 mV, and this value was significantly greater than that of latent pacemakers (-42.26 ± 1.76 mV).
After 8-14 days of storage, the preparations became so stiff that they were difficult to impale. Nevertheless, successful impalements in the sinoatrial node region were achieved in three preparations (8, 9 and 13 days) and records of electrical activity were obtained from a few cells. Spontaneously occurring action potentials were recorded from all three preparations. All action potentials obtained were characterized by a smooth transition between diastolic depolarization and the action potential upstroke and by a slow rate of rise of phase 0 of the action potentials (0.8-1.5 V/sec). The maximum diastolic potentials ranged from -23 mV to -52 mV. Figure 3 illustrates action potentials recorded from three different cells within an area less than 1 mm in diameter in the sinoatrial node region. The frequency of the spontaneously occurring action potentials was different from cell to cell, and the amplitude of the action potentials was rather small. In the atrial tissue other than the sinoatrial node region, transmembrane potentials could not be obtained. Table 2 summarizes the effects of norepinephrine on electrical activity of cells in sinoatrial nodes stored for various periods. At 2-3 days of storage, in most cells, norepinephrine, 10~7 g/ml, increased the rate of the diastolic depolarization of true and latent pacemaker potentials, and increased the frequency of the action potentials by about 40% above the control. The maximum diastolic potentials were either unchanged or slightly increased. The excitatory effect of the agent appeared within 30 seconds after addition to the bath and the quiescent atria started to beat. Exposure to a higher concentration of norepinephrine (10~6 g/ml) produced more rapid and prominent changes in action potentials with an increase in frequency of about 70% of the control value. After 5-7 FIGURE 3 Action potentials recorded from three different cells in the sinoatrial node region 13 days after storage at low temperature. All action potentials show configurations similar to that of the true pacemaker potential but frequency is different from cell to cell. (50.0) Osc-AP Tp = true pacemaker potential; Lp = latent pacemaker potential; RMP = resting membrane potential (electrically quiescent cell); Osc = oscillatory potential; Osc-AP = oscillatory potential converted to action potential.
EFFECTS OF NOREPINEPHRINE, ACETYLCHOLINE, AND TYRAMINE
The number of action potentials occurring within 1 minute prior to application of norepinephrine was counted and expressed as the control. Twenty seconds after the start of application of the drug, action potentials were counted for 1 minute and expressed as responses of cells to the drug. The increase in frequency of action potentials after norepinephrine is expressed as percent changes in parentheses. days of storage, the cells in the sinoatrial node region showing well preserved action potentials responded well to norepinephrine, lO^-lO" 6 g/ml. In three preparations which were stored for longer than 8 days and which showed spontaneous electrical activity, application of norepinephrine was tried, but observations of the effect of norepinephrine on these cells failed, since it was difficult to maintain the microelectrode impalement long enough to observe the effect of the agent clearly. The effect of norepinephrine on electrically quiescent cells was striking; the agent produced a slight hyperpolarization followed by small oscillatory potentials which finally were converted into true pacemaker type potentials of low amplitude (Fig.  4) . However, in one case in which only a low resting membrane potential was recorded, norepinephrine, 10~6 g/ml, exerted no effect, but acetylcholine, 10~7 g/ml, produced a marked hyperpolarization which was followed by action potentials of high amplitude and short duration. The effects of norepinephrine on the cells in the sinoatrial node region in these studies were similar to those described for pacemaker cells in the sinoatrial node in freshly isolated preparations. 13 " 15 In the present experiments, a quantitative comparison with that of cells in freshly isolated noncooled preparations was not made.
Effects of acetylcholine on the cells of the sinoatrial node stored at low temperature for 2-7 days varied considerably, depending on the maximum diastolic potential of the cell. Thus, in the cells with relatively high maximum diastolic potentials, acetylcholine (ACh), 10-7 -10" 6 g/ml, decreased the rate of diastolic depolarization and slightly hyperpolarized the membrane potential, resulting in a decreased frequency of spontaneously appearing action potentials (Fig. 5A) . In other cases, in which the maximum diastolic potential was low, ACh, 10~7 g/ml, induced a marked hyperpolarization accompanied by abolition of spontaneously appearing action potentials for a short period, followed by reappearance of action potentials of high amplitude and low frequency (Fig. 5B) . In still other instances in which the cell showed only oscillatory potentials of low amplitude, application of ACh produced a marked hyperpolarization and occurrence of action potentials of high amplitude and short duration (Fig. 5C ).
ACh was applied to freshly isolated noncooled preparations and effects of the agent on electrical activity of sinoatrial node cells were examined; ACh, 10~7-10~6 g/ ml, decreased the frequency of action potentials and induced hyperpolarization. The magnitude of the hyperpolarization was related inversely to the initial level of the maximum diastolic potential. The relationship between ACh.IO g/ml
In)
FIGURE 5 Effects of acetylcholine on various types of action potentials recorded from cells in the sinoatrial node region of rabbit heart stored for several days at low temperature. Records A, B, and C were obtained from different preparations. Record a in each column was taken before, and records b, c and d were taken 20, 30, and 60 seconds after exposure to acetylcholine (10' e g/ml).
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the magnitude of hyperpolarization induced by ACh in the stored cells and fresh ones and the level of maximum diastolic potential is shown in Figure 6 . The effects of ACh on the cells in the sinoatrial node stored at low temperature were qualitatively similar to those on the sinoatrial node cells in the freshly isolated preparations.
There is a rich parasympathetic and sympathetic innervation of the sinoatrial node and nodal activity is subject to control by transmitter substances liberated from these nerve endings. 13 Therefore, the effects of tyramine, which releases catecholamines from the sympathetic nerve terminal," 1 on the cells in the sinoatrial node region were examined. Tyramine, 10~( l g/ml, exerted the same effects as norepinephrine on cells stored for 2-4 days; the agent increased the rate of diastolic depolarization and hence, induced an increase in frequency of action potentials (Fig.  7) . However, tyramine failed to produce this effect on preparations which had been kept at low temperatures for longer than 5 days, although the cells responded well to exogenous norepinephrine. The results indicate that sympathetic nerve terminals may have degenerated completely or catecholamines stored in the nerve terminals may have been depleted completely at this stage of storage.
Discussion
The present experiments demonstrate that cells in the sinoatrial node region of the rabbit heart survive for several days in Tyrode's solution at low temperature, while the atrial tissue loses its electrical activity at the early stage of storage. To our knowledge, this is the first time that the preservation of electrical activity of mammalian cardiac cells has been accomplished by keeping the cells in Tyrode's solution at low temperature (0-3°C) for several days. In this regard, the sinoatrial cells had the striking characteristic of being able to withstand a long exposure to a poorly oxygenated environment at low temperature. In most instances, the sites of well preserved action potentials with the configuration of true pacemaker potentials were localized to a small area (1-2 mm in diameter) on the caval side of the right atrium, although the exact localization and size of this area varied from animal to animal. In the present experiments, morphological identification of the cells was not attempted, but it is most likely that these cells are localized to the site of the sinoatrial node of the rabbit heart. 17 In some preparations, however, the cells showing spontaneous diastolic depolarization prior to the action potential upstroke, were not confined to the anatomical location of the sinoatrial node, but scattered along narrow areas of the crista terminalis. The observation that pacemaker type potentials can be recorded from a zone along the crista terminalis is consistent with results obtained from freshly isolated preparations by previous investigators. 12 -18> 19 This indicates that a certain population of cells which possess characteristics of the pacemaker cell exist in sites other than the sinoatrial node. In fact, electronmicroscopic investigations have confirmed that cells containing few myofibrils and which are similar to sinoatrial node cells, are located in a small area along the crista terminalis in the rabbit heart. 20 When the preparation was stored for long periods, the maximum diastolic potential of the true pacemaker cells was significantly higher than that of the latent pacemaker cells. This is rather difficult to explain; it appears that cells having low membrane potentials lose their automaticity, while cells with well preserved membrane potentials are more easily converted to dominant pacemaker cells. Most of the action potentials recorded from sinoatrial node preparations stored for longer than 7 days were similar to the true pacemaker potential. Their amplitudes were low, and their frequency was different from cell to cell within a small area. This suggests that dissociation of electrical FIGURE 7 Effects of tyramine on a cell in the sinoatrial node region stored for 3 days at low temperature. A: sample records of action potentials were taken before (a) and after (b and c) exposure to tyramine (10~e glml) at the points indicated by asterisks in B. B: continuous records of action potentials before and after tyramine (arrow).
coupling between the cells may have occurred, and hence, an individual cell may have become a "true pacemaker cell."
The present experiments provide electrophysiological evidence that cells in the sinoatrial node, which probably are pacemaker cells, are more resistant to cold than other cells in the atrium, and remain electrically intact for a long period. Several explanations for this can be offered. Histochemical studies on the mammalian heart have shown that enzymatic activity of succinate dehydrogenase and cytochrome oxydase is low in the sinoatrial node; 21 -22 this suggests a low aerobic energy production in the sinoatrial node tissues. The content of glycogen, a substrate for anaerobic glycolitic metabolism, is high in the node and other areas of the conduction system in the heart, and the nodal cells contain a small number of mitochondria, which usually is interpreted as a sign of low energy expenditure. 21 -23 Furthermore, pacemaker cells in the sinoatrial node of the rabbit heart are the most resistant to cooling and continue to discharge at temperatures at which all conducted action potentials have ceased. Thus, the cells in the sinoatrial node tissue may well utilize anaerobic metabolism, and the factors just described as well as the low temperature which undoubtedly decreases oxygen requirements may contribute to the preservation of electrical activity of the pacemaker cell.
After several days of storage at low temperature, the cells in the sinoatrial node responded well to norepinephrine and acetycholine. This indicates that receptor function also is well preserved under these conditions. In this regard, it is interesting to note that in electrically quiescent cells with low membrane potentials, norepinephrine initiated action potentials and acetylcholine induced a marked hyperpolarization. The results suggest that in the depolarized cells the reactivity of the cell membrane to neuromediators remains intact, while the depolarization observed may be due to inhibition of an ion transport pump that extrudes Na + from cell water and regains K + from extracellular water.
